In preparation for the CoReH2O satellite mission, one of the three missions selected for scientific and technical feasibility studies within the Earth Explorer Programme of the ESA, experimental and theoretical studies have been under way in order to improve methods for the retrieval of snow physical properties from SAR data. The aim of this paper is to investigate the impact of vegetation in the retrieval of snow parameters from microwave backscattering measurements. ARTT model capable of simulating scattering from a snowcovered vegetated terrain was developed and implemented to study the sensitivity to snow and vegetation parameters. A procedure for correcting the vegetation effect in the SWE retrieval algorithm has been suggested.
Introduction
The COld REgions Hydrology High-resolution Observatory (CoReH2O) is one of the three satellite missions selected for scientific and technical feasibility studies (Phase-A) within the Earth Explorer Program of the European Space Agency (ESA) [ESA, 2008] , [Rott et al., 2010] . The principal objective of the CoReH2O mission is to carry out the frequent spatially-detailed measurements of snow and ice in order to advance our knowledge and prediction of the water cycle in cold regions and to improve the representation of the cryosphere in climate models. The sensor proposed is a dual frequency SAR, operating at Ku-band (17.2 GHz) and X-band (9.6 GHz), VV and VH polarizations, with a swath width of about 100 km. The principal products obtained from the mission will be the estimations of the extent, the water equivalent (SWE) and melting state of the seasonal snow cover and the snow accumulation on glaciers. In order to estimate the SWE from the backscattering measurements, it is necessary to separate the signal of the snow volume from the contribution of the background target (which is dependent on soil features such as roughness and steepness, vegetation cover, etc.) and also to account for effects of grain size on scattering. The presence of vegetation has a significant impact on the propagation of the radar signal at X-and Ku-band, depending on its structure, biomass, water content and cover fraction. In particular for dense forest (even in case of a moderate biomass), scattering of vegetation strongly hides the signal from snow and, consequently, compromises the sensitivity to snow parameters [ESA, 2008] . Due to the lack of data, in order to improve our understanding of the effect of vegetation on the retrieval of snow parameters, a radiative transfer model for snow-covered vegetated terrain was developed and tested for the CoReH2O configuration. Moreover, use of the model has been a reasonable option for consolidating the relationship between vegetation type/age and vegetation parameters (e.g. the shape and dimensions of trunks and branches, etc.) among different cover types. The aim of this paper is to investigate the impact of vegetation on the retrieval of snow parameters from backscattering measurements at the X-and Ku-bands, using an electromagnetic model that is able to simulate scattering from a snow-covered vegetated terrain. The model is briefly described in the first section of the paper, while the second part contains an analysis of sensitivity to vegetation and snow parameters which was conducted on coniferous forests.
The snow-vegetation model
In order to simulate the backscattering from a snow-covered forested terrain, we needed to combine a model for a snowpack with a model for vegetation. Among the possible electromagnetic models, an incoherent RTT model was selected that was originally developed at IFAC for the simulation of agricultural crops [Macelloni et al., 2001] [Ulaby et al., 1990] , and then modified for forest vegetation [ESA, 2008] . This e.m. model was developed and tested during Phase-0 of the CoReH2O mission [ESA, 2008] , and was recently improved. The main advantages of this model are that:
-it can easily be combined with the snow model that was developed within the CoReH2O project; -it can be applied to the simulation of several vegetation types; -its inputs are related to measurable vegetation parameters, and are easily connected to the developed tree and forest model. In the vegetation e.m. model, the canopy is divided into a certain number of horizontal layers over a snow-covered terrain. Each layer contains different groups of scatterers, and each group is assumed to be composed of identical scatterers with a certain density (number of elements per m 3 ), which are uniformly distributed in the azimuth direction. The number of layers, as well as their thickness, depends on the vegetation type. The scatterers are then characterized by extinction and scattering properties, as a function of shape and size, using different approaches. The scattering amplitudes and the extinction cross sections of needles (representing coniferous forest leaves) were computed by using the model proposed by Karam et al. [1989] . For cylinders (representing trunks and branches in forest) the "infinite length" approximation can be adopted. In this case, extinction and bistatic scattering formulas were made available in [Karam et al., 1988] .
[ Karam et al., 1988] . . According to this approach, the electric field inside the cylinder was represented as a combination of vector cylindrical waves, and the scattered field was expressed by an integral of surface fields by applying the Huygens principle. The extinction cross sections were obtained from the scattering amplitude tensor elements by applying the forward scattering theorem. The permittivity of vegetation elements was obtained from [Magagi et al., 2002] . The radiative-transfer equation was solved by iteration for the first-order (i.e. singlescattering) backscattering coefficients (co-and cross-polarized terms at V and H pol).
The total backscattering coefficient in polarization pq can be expressed as the incoherent sum of three terms, as in [Magagi et al., 2002] Interaction between terrain and vegetation (including both vegetation-ground and ground-vegetation contributions attenuated by vegetation).These two terms have a complex formulation as expressed in [Fung, 1994] , and are not repeated here
h one-way attenuation factor of vegetation at p polarization.
In the last expression, p is the polarization (H or V), θ is the incidence angle, and Expression for direct scattering from vegetation can be found in [Karam et al., 1995] - [Fung, 1994] , while scattering from snow is described in [Esa, 2008] . , while scattering from snow is described in [Esa, 2008] . while scattering from snow is described in [Esa, 2008] . Equation 1 is applicable for a homogeneous canopy such as an agricultural crop, herbaceous vegetation, or a closed forest. For a sparse forest, as several ones at boreal latitudes, this equation must be modified by taking into account the fact that a portion of the area observed by the sensor is not covered by forest. By introducing a cover fraction factor C f , equation 1 becomes, as defined in [Magagi et al., 2002] : Magagi et al., 2002] : ]: 
interaction between a forested area and a non-forested area as defined in [Magagi et al., 2002] .
Moreover, it should be considered that the scattering of the area not covered by forest is partially affected by the shadowing induced by trees (which attenuates the signal coming from snowpack). This effect obviously depends on the dimensions of the trees (e.g. height, diameter), the density of the forest and the incidence angle of observation. By introducing the additional factor C s (area affected by shadow) in (4) we obtain the following equation, which includes both the cover fraction and the shadowing effect:
A representation of the model scheme as indicated in equation 5 is represented in Figure 1 . The developed e.m. model was primarily tested on coniferous forest which, as pointed out in [ESA, 2008] , is the most representative stand at the highest latitude of the globe. Several inputs are required for testing the RTT model, and these include a detailed geometrical description of tree components and information about tree density and cover fraction. Unfortunately, information available on this species in the literature is limited to the parameters most relevant to forestry applications (e.g. forest biomass, tree height or diameter at breast height, dbh). In order to obtain all the parameters necessary as inputs to the e.m. code, a tree model was developed starting from data in the literature [Magagi et al., 2002] . To collect new data that take into account the main features of the northern boreal forests, an appropriate test site was identified in the Italian Alps. The test site is located near Cortina d'Ampezzo, close to the Giau Pass (46.5105° N, 12.0859° E), at an altitude of about 1.600 m a.s.l. Two exemplars of spruce, one taller (29.5 m) and one shorter (13 m), were examined, and for both of them trunk, branch and needle dimensions (e.g. radius, length), as well as orientations (with respect to the zenith) and densities (number of elements/ha), were measured. By using datasets both from the literature and from experimental reports, some allometric relations (e.g. dbh as a function of biomass and tree height) were developed and validated with existing ones [Jenkins et al., 2004] . By starting from these equations, four "reference" trees were simulated in the 5-9, 10-15, 16-20, and higher than 20 height ranges. For each range, the height, the dbh, and the biomass could be obtained by using the allometric equations, while the branch and needle parameters derived from real data remained unaltered. The vegetation moisture and the derived dielectric constant used in the e.m. model were obtained from [Magagi et al., 2002] . The tree was divided in two main parts that represented the bottom part of the trunk and the crown. The crown was then divided in several layers, in order to make them (i.e. the top of the tree, the middle part and the basal part) as homogeneous as possible. For each layer, the types of different elements, such as the needles, trunk, and various kind of branches, were considered. The density of the layer elements was estimated according to the number of trees per hectare. Furthermore, to keep the biomass value Furthermore, to keep the biomass value , to keep the biomass value per hectare unchanged when calculating (5) and, consequently, the volumetric scattering contribution, the density had to be divided by the factor C f . In order to assess the tree model behavior over a large range of variability, bibliography data of forest biomass were also examined [Cannel MGR, 1982] . A first test was performed over 6 test sites [Cannel MGR, 1982] . A first test was performed over 6 test sites . A first test was performed over 6 test sites distributed in Northern Europe, where the trees are similar to those used in the model. A comparison between measured and modeled biomass is shown in Figure 2 . The test confirmed a good agreement between estimated and measured data: the RMSE obtained in the 0-300 ton/ha range was 24 ton/ha for total biomass, 20 ton/ha for trunk, and 17 ton/ha for branches. In order to study the effect of tree shadowing on the backscattering, a method to estimate the percentage of area covered by vegetation and the percentage of area affected by shading (for a given forest) was developed. The structure of the forest was represented by using a CAD software. The cover fraction, as well as the shaded area, was computed as a function of the incidence angle using ray-tracing and image processing tools. The forest was built by randomly replicating a sample tree represented in a simplified way as a cone above a cylinder (representing the crown and the trunk, respectively). Forests with two different tree heights and dimensions (depending on the tree model) were developed. A vegetation cover fraction variability was obtained by changing the tree density from 200 to 1100 trees/ha for the shorter tree and between 200 and 400 trees/ha for the taller one. By illuminating the forest with a light at different incident angles (25°, 45° and 65°) the shadow area was generated over the entire scene and the cover fractions were then estimated. As expected, by establishing a vegetation cover fraction, the shadowing increased at increasing angles. On the other hand, at a fixed angle, as C f increased, the shadow cover fraction saturated and then decreased. A simple relationship between shadow and the vegetation cover fraction was obtained for different forest parameters.
Model Sensitivity
In order to evaluate the response of the developed model to the variability of the inputs, a sensitivity analysis was conducted as a function of SWE and vegetation parameters. As a first step, the sensitivity of σ 0 to SWE was conducted for different biomass values in order to evaluate the maximum biomass (or cover fraction) acceptable for retrieval purposes. Simulations were carried out at both X-and Ku-band at 40° of incidence angle, with an SWE ranging from 0 to 250 mm. The latter was obtained by increasing the snow depth from 0 and 1 m and assuming a constant snow density value of 250 kg/m 3 . In order to simplify the analysis, a single snow layer model was used and the grain radius was kept constant at 1mm. For forest, two biomass values, 100 m 3 /ha and 200 m 3 /ha, were considered. The biomass variation was obtained by keeping the tree dimension fixed and varying the density (i.e. by increasing the cover fraction and biomass). The results are presented in Figure 3 . In this figure, the non-forested area (biomass = 0) is also represented as a reference. As expected, the backscattering increased when the biomass value increased, and the sensitivity to SWE was higher for low values of biomass . By increasing the frequency from 9.6 to 17.2 GHz, the sensitivity became higher due to the increase in the snow volumetric scattering. Similar behavior occurred when the grain radius increased, due, also in this case, to the increase in the snow volumetric contribution. In all the cases considered, when the biomass was equal to or higher than 150 m 3 /ha, the sensitivity to SWE disappeared at all frequencies and polarizations, and the applicability of a retrieval algorithm for SWE became questionable. Simulations were then carried out also for different tree heights, for a fixed cover fraction value of 0.2 and an incidence angle of 40°. It is important to note that, because the dimensions of trees increased, the biomass values also increased. From Figure 4 it is possible to observe that σ 0 trends are very similar at least up to a tree height of 22 m, and that the sensitivity to SWE remains almost the same (whereas the backscattering increases when tree height increases). It is worth noting that, by fixing a CF value, the sensitivity of backscattering to SWE decreases for all frequencies and polarizations as the tree height increases. Also, by increasing the CF value, the sensitivity to SWE further decreases. The sensitivity to SWE as a function of tree height variability was also investigated by considering a fixed biomass value of 100 m 3 /ha and by modifying the tree height. Even in this case, it is important to note that when the tree height increased, the CF decreased. The results provided in Figure 5 show that, when the tree height increased, the backscattering coefficient increased, as a consequence of the increasing of CF, but the variability for the different three heights was no higher than 0.8 dB at VV polarization and 1.5 dB and VH polarization.
Applications
The analysis conducted on previous sections clearly pointed out that vegetation strongly influences the sensitivity of backscattering to snow parameters: in particular, by increasing biomass, tree heights or cover fraction, the sensitivity to SWE decreases until it becomes negligible. While the simulations were limited to a single forest type and in a reduced number of cases, the results obtained clearly showed that the sensitivity to SWE disappeared at all frequencies and polarizations for biomass greater (of more) than 150 m 3 /ha and for a CF of more than 0.3-0.4. This is an important issue in the CoReH2O perspective for the development of the retrieval algorithms in forested areas, which requires a minimum backscatter variability (at least some dB) over the expected SWE range (of around 0-300 mm). From an operational point of view, these areas must be classified by using a global vegetation database and masked out in the retrieval process line of the mission. When the cover fraction is in the 0-0.3 range or when the biomass varies between 0 and 150 m 3 /ha, an operative procedure could be applied to take into account the effect of vegetation in the retrieval algorithm. The procedure could be based on the following steps:
-the area must be precisely classified as to vegetation type and vegetation cover fraction or as to biomass (the availability of ancillary data is fundamental); -the CoReH2O L1 product (backscattering coefficient at VV, VH polarization at X and Ku band) must be degraded to a lower resolution of 1 km (instead of the L1 nominal product resolution of 200m), in order to take into account the variability of the local vegetation; -on the basis of the theoretical model and available vegetation parameters, the vegetation effect could be estimated by comparing the measured and the modeled backscattering coefficients when the terrain is not covered by snow. For this step, the electromagnetic model must be trained over a larger number of cases and accurately validated using real vegetation and SAR data. It is also recommended that the nearest pixel of the image in the considered area not covered by vegetation (in this case, a threshold distance must be defined to identify the nearest pixel) be used as a reference value for the ground signal ; -the estimated vegetation effect is considered during the snow season in order to estimate the SWE value. Also in this case, a comparison of the obtained results with those obtained in a non-vegetated area is recommended. This procedure will be implemented and better defined during future preparatory phases of the CoReH2O mission as soon as actual SAR data are available.
Conclusions
In this paper, several aspects of the effect of vegetation on backscattering on snow-covered terrains were pointed out. The study was focused on coniferous forests, which are the most representative stand at the latitudes involved in the CoReH2O mission [ESA 2008] . In the first part of the paper, the selected and implemented model was briefly described. Although the model is similar to the one developed in [ESA 2008] , it has been carefully revised, and additional features have been added (for example, the effect of tree shadow on backscattering). The second section was devoted to a sensitivity study of the model. The parameters considered were biomass, tree height and cover fraction. The analysis was conducted at both X-and Ku-band for the VV and VH pol. As expected, vegetation strongly influences the sensitivity of backscattering to snow parameters: in particular, by increasing biomass, tree height, or cover fraction. Sensitivity to SWE decreases until it becomes negligible. Above all, it was found that for a biomass greater than 150 m 3 /ha and/or for a CF of more than 0.3-0.4, the sensitivity to SWE disappeared at all frequencies and polarizations. From an operational point of view, this means that areas showing these values must be masked out on the retrieval process line of the mission. For lower values, a procedure that takes into account the effect of vegetation in the retrieval algorithm, which will be implemented and better defined during future phases of the CoReH2O, has been briefly described.
